Introduction
8-Hydroxy-2′-deoxyguanosine (8-OHdG) is an oxidative damaged DNA molecule. Since Kasai and Nishimura first reported the discovery of 8-OHdG, 1 numerous studies have been reported, [2] [3] [4] [5] because this molecule is thought to be a useful biomarker for oxidative stress in vivo. [2] [3] [4] [5] [6] The 8-OHdG molecule in DNA is produced by reactive oxygen species (ROS), immediately fixed by DNA repair enzymes, and then excreted in urine without further metabolism or degradation in vivo. 5 Urinary 8-OHdG is known to be an important biomarker for risk assessment in certain fields including in relation to cancers, degenerative diseases, smoke and environmental health. 5 Urinary 8-OHdG has been analyzed using several methods, including high-performance liquid chromatography-electrochemical detection (HPLC-ECD), [7] [8] [9] [10] [11] [12] [13] GC-MS, 14 HPLC-tandem mass spectroscopy (LC-MS-MS) [15] [16] [17] and enzyme linked immunosorbent assay (ELISA) [18] [19] [20] for early diagnosis. The ELISA method enables us to detect a target with very high selectivity and sensitivity by amplifying the signal with an antibody and an enzyme. However, positive errors appear that result from non-specific adsorption of the detection antibody on the substrate and a cross-reaction with structures similar to the target. 3, 4, [18] [19] [20] In contrast, the HPLC-ECD method can achieve the direct detection of 8-OHdG in the presence of many interferents in urine, since 8-OHdG is electroactive. However, it is difficult to measure 8-OHdG at low concentrations (nM level) in urine containing many interferents, and therefore HPLC-ECD is required for the separation and concentration of 8-OHdG by using some methods such as an affinity column, solid-phase extraction or column-switching. 13, 20, 21 Bolin and coworkers have reported that under such conditions this method provides highly sensitive measurements. 21 Furthermore, in an HPLC-ECD system, the sample generally adsorbs on an electrode surface, which leads to reduced analytical precision.
Recently, we reported on a new carbon film electrode consisting of nano-crystalline sp 2 and sp 3 mixed bonds obtained with the electron cyclotron resonance (ECR) sputtering method. 22 The film has an ultraflat surface with an average roughness of 0.5 Å and a controllable sp 2 /sp 3 bond ratio. 23 ,24 Moreover, we found that this nanocarbon film had high electrode activity, a low background current and little fouling by biomolecules. Indeed, we achieved NADPH detection with a low detection limit (nM level) by direct oxidation, and less surface fouling by utilizing a nanocarbon film electrode. 25 These excellent properties offer the highly stable and sensitive detection of 8-OHdG in urine. In this study, we investigated the electrochemical determination of 8-OHdG by using nanocarbon film electrodes as a detector for HPLC-ECD. We examined the nanocarbon film electrode in terms of both stability and 2011 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. We describe the electrochemical determination of oxidative damaged DNA by using a nanocarbon film electrode combined with a high performance liquid chromatography (HPLC) system. The nanocarbon film was formed by employing the electron cyclotron resonance sputtering method, and has a nano-crystalline sp 2 and sp 3 mixed bond structure with an atomically flat surface. This film electrode provided the high electrode activity and stability needed to quantitatively detect oxidative damaged DNA, 8-hydroxy-2′-deoxyguanosine (8-OHdG), by direct electrochemical oxidation. The coefficient of variation (C.V.) value of 1 μM 8-OHdG at our film electrode was 0.75% (n = 12), which constitutes superior reproducibility to that of a conventional glassy carbon (GC) electrode (9.28%, n = 12) in flow-injection analysis. This was because the nanocarbon film suppressed fouling for the oxidized product of 8-OHdG owing to its hydrophilically ultraflat and chemically stable surface. We also investigated the performance of HPLC with an electrochemical detection (HPLC-ECD) system using our nanocarbon film electrode. The detection limit for 8-OHdG at the nanocarbon film electrode was 3 nM, which was superior to the detection limit of the GC electrode (7.2 nM). Furthermore, this electrode was more suitable for use in a urinary 8-OHdG experiment than the GC electrode. The concentration of urinary 8-OHdG in the urinary sample was 8.30 nM. These results indicate that this HPLC-ECD system with our nanocarbon film electrode enables us to realize an accurate, sensitive, reproducible and easy to use analysis technique. Original Papers sensitivity when oxidizing 8-OHdG. The results obtained for the electrodes were compared with those obtained for a conventionally available glassy carbon (GC) electrode. We also investigated the quantitative performance in a human urine sample experiment in an HPLC-ECD system coupled with the nanocarbon film electrode.
Experimental

Reagents and chemicals
A sputtered nanocarbon film electrode was prepared by an established method. [26] [27] [28] Briefly, the nanocarbon films were deposited on highly doped silicon (1 0 0) substrates with ECR sputtering equipment (AFTEX-3200, MES-Afty, Japan) at room temperature. The microwave power and DC voltage applied to the carbon target were 500 W and 500 V, respectively. The argon gas pressure for the sputtering was 5.0 × 10 -2 Pa. During deposition, the irradiation ion current density was 5.8 mA/cm 2 , and the ion acceleration voltage was 75 V. The nanocarbon films were obtained in about 8 min, and were typically 40 nm thick. 8-Hydroxy-2′-deoxyguanosine (8-OHdG) was purchased from Sigma-Aldrich. All other chemicals were of analytical grade.
Collection and pretreatment of urine samples
Human urine samples were collected from volunteers of various ages and of both sexes (n = 4, 25 -55 years old). These urine samples (2 mL) were immediately centrifuged (8400g, 30 min at 4 C). After centrifugation, the supernatants (0.9 mL) were treated with an 8-OHdG pretreatment kit (US-001, TANITA Corp., Japan) to remove ascorbic acid and a large amount of anion species. The treated samples were stored in a deep freeze (-80 C) until use. This study was approved by the Ethical Review Committee of AIST (No. 10150040-A-20100705-001).
Characteristics of a nanocarbon film electrode
We characterized the properties of the obtained films by performing AFM measurements with an SPI4000 (SII NanoTechnology, Inc.). All measurements were undertaken using a silicon cantilever in air at room temperature. Images were recorded in the dynamic force AFM mode at scan rates of 0.3 Hz and with 256 × 256 pixels. We obtained a typical film average roughness (Ra) of 0.5 Å for nanocarbon film determined by scanning along the line with an image size of 500 × 500 nm 2 , as previously reported. 23, 24, 27 
Electrochemical measurements
Electrochemical experiments were performed using an ALS/CHI 760B electrochemical analyzer (CH Instruments, Inc., USA). A platinum wire and an Ag/AgCl (3 M NaCl) electrode were used as auxiliary and reference electrodes, respectively. Nanocarbon film was used as the working electrode. We cut the nanocarbon film electrode into a rectangle, installed it in an electrochemical radial flow cell (BAS), and then fixed a plastic tape with a 4 mm diameter hole in it onto the electrode to form a disk electrode. A GC disk electrode (diameter = 6 mm, BAS, Tokyo, Japan) was used as a control electrode in the experiment. The nanocarbon film electrodes were electrochemically pretreated to control the activity of their electrode surfaces with cyclic voltammetry by changing the scan rate, number of cycles, and potential region. We obtained optimized conditions by scanning the potential between 0 and 2.3 V, 15 times at a scan rate of 0.1 V/s in a 50 mM phosphate buffer (PB) (pH 7.5) solution, which contained 50 mM KH2PO4 and 50 mM Na2HPO4. 26, 28 All of the experiments were performed with a pretreated nanocarbon film electrode.
Flow injection analysis (FIA) and HPLC-ECD systems setup
FIA measurements were conducted with a DC-5/LC-4C (BAS). We installed the nanocarbon film or GC electrode in an FIA system. Also, with the HPLC-ECD system, a guard (Hydrosphere C18 (10 × 2.0 mm i.d.), YMC) and main column (Hydrosphere C18 (150 × 4.6 mm i.d. or 2.0 mm i.d.)) were introduced into the apparatus, and both of the above columns were maintained under a column heater at 40 C. In both the FIA and HPLC-ECD measurements, we used a mobile phase consisting of PB and methanol (MeOH).
Results and Discussion
Electrochemical responses of 8-OHdG at nanocarbon film and GC electrodes
To obtain the optimum potential for 8-OHdG amperometric detection in the FIA or HPLC measurement, the hydrodynamic behavior of 8-OHdG was studied in FIA. Figure 1 shows hydrodynamic voltammograms (HDVs) of 100 μM 8-OHdG at the nanocarbon film and the GC electrode from 0.1 to 1.2 V (vs. Ag/AgCl). A solution of 1% MeOH in 50 mM PB (pH 7.5) was used as the carrier. The limiting currents of 8-OHdG oxidation at the nanocarbon film electrode increased with increasing electrode potentials at around 0.4 V, and reached a steady state above 0.9 -1.0 V. In contrast, the GC electrode started from 0.3 V and reached a constant value of 0.7 -0.8 V, which was a lower oxidation potential than that of the nanocarbon film electrode. This is because the GC electrode exhibited higher electrode activity than the nanocarbon film electrode against aromatic DNA bases, as previously reported. [26] [27] [28] Therefore, we decided that the appropriate electrode potential for 8-OHdG measurements is 1.0 and 0.8 V vs. Ag/AgCl, at the nanocarbon and GC electrodes, respectively.
Stability of 8-OHdG responses on GC and nanocarbon film electrodes
We have previously reported that the nanocarbon film electrode exhibited excellent reproducibility for the continuous determination of certain biomolecules. [28] [29] [30] This is highly advantageous regarding its use a detector for HPLC-ECD, since the electrochemical detection method is based on a surface reaction, which is quite different from other HPLC-based methods. In this study, we examined the electrochemical response of 8-OHdG by FIA with our nanocarbon film electrode and GC electrode simultaneously. Figures 2a and 2b show the variations in the response current when 1 μM 8-OHdG was simultaneously introduced into the flow cell with the GC and nanocarbon film electrodes. Both electrodes exhibited the same oxidation currents for 1 μM 8-OHdG (28.9 nA at our nanocarbon film and 35.3 nA at a GC electrode, on average (n = 12)). However, when these continuous responses were plotted, as shown in Fig. 2c , the oxidation peak currents of 8-OHdG at the GC electrode had poor reproducibility, and gradually decreased with continuous injection, since the oxidized 8-OHdG was strongly adsorbed on the electrode. The obtained currents had fallen to about 88% of their initial value after four measurements, and reached a relatively steady response.
In contrast, the nanocarbon film pretreated by scanning the potential 15 times between 0 and 2.3 V in 50 mM PB (pH 7.0) solution exhibited stable current responses for 8-OHdG, indicating that this treated film suppressed adsorption for the oxidized product of 8-OHdG.
This was because the hydrophilicity and number of oxygen-containing groups on the nanocarbon film electrode surface increased without it losing much of its surface flatness or many of its sp 2 bonds after the pretreatment. 29 This property of our film electrode results from the homogeneous and stable structure consisting solely of nanocrystalline sp 2 and sp 3 carbon hybrids, which induce high electrode activity as with the GC electrode (100% of sp 2 -carbon), while maintaining a wide potential window as with a boron-doped diamond (BDD) electrode (almost sp 3 -carbon). 26, 27 This nanocrystalline structure is quite unlike those of GC and BDD electrodes, 26, 27 and therefore is alone in achieving a hydrophilically ultraflat and chemically stable surface. As a result, this treatment provided electrode stability against 8-OHdG as well as relatively large biomolecules. 23, 26, 27 At the GC electrode, a coefficient variation (C.V.) value of 9.28% (n = 12) was obtained. In contrast, the nanocarbon film electrode exhibited a C.V. value of 0.75% (n = 12). It is noteworthy that such extremely high reproducibility, which is less than 1% of the C.V. value, is sufficient for realizing accurate measurements in a clinical examination. Moreover, the background current of the nanocarbon film electrode (6 nA) was the same as that for the GC electrode, despite the fact that the applied potential was higher than that of the GC electrode, as mentioned above. This is because the nanocarbon film exhibited less surface roughness. This low background current is useful for achieving a low detection limit, since we can also obtain a low current noise value as a result of the blank response. Indeed, in the FIA experiments, we obtained 8-OHdG detection limits of 49 and 554 nM (S/N = 3) at the nanocarbon film and GC electrodes, respectively (the noises of the FIA measurements were determined from the injection noises, which were 0.72 and 6.86 nA (n = 6) at the nanocarbon film and GC electrodes, respectively).
Chromatographic detection of 8-OHdG by HPLC-ECD
We estimated the relationship between the concentration and the obtained response of 8-OHdG using the HPLC-ECD method. First, we investigated the appropriate condition for chromatographic separation. Some researchers have reported the separation of urinary 8-OHdG by the chromatographic method. 13, 20, 21 Most of the reported mobile phases consist of PB or citric acid (pH 3.5 -7.5) as an aqueous solution and MeOH or acetonitrile (1 -10%) as the organic content. In this study, we used the mobile phase of PB (pH 7.5)/MeOH (95/5, v/v) based on the above previous reports. 13, 20, 21 Figure 3 shows 8-OHdG calibration curves at the GC and nanocarbon film electrodes at a flow rate of 500 μL/min. We obtained similar responses of 0.229 and 0.142 nC/nM at the GC and nanocarbon film electrodes, respectively. The responses at both electrodes increased with increasing 8-OHdG concentration, and the linear ranges were from 50 to 500 nM and 20 to 500 nM at the GC and the nanocarbon film electrodes, respectively. The detection limit of the nanocarbon film electrode was 3 nM (S/N = 3), which was lower than that of the GC electrode (7.2 nM). (The noise of this measurement was determined from the baseline noise (n = 6).) This was because the nanocarbon film exhibited less baseline noise than the GC electrode. Indeed, the obtained areas (coulomb) of baseline noise were 0.14 and 0.67 nC (n = 6) at the nanocarbon film and GC electrodes, respectively. This is because a low-background noise measurement was achieved as a result of the ultraflat and chemically stable surface of the nanocarbon film electrode. Therefore, these results indicate that the nanocarbon film electrode provides excellent performance in HPLC-ECD for 8-OHdG, which is superior to that of the GC electrode. BDD is well known as an excellent electrode that despite using different conditions from ours. The detection limit will also be improved by miniaturizing the nanocarbon film electrode as the current density increases with decreasing electrode size. 30 Our nanocarbon film is more suitable for this purpose than the BDD because of its superior surface flatness, which can be easily micro-or nano-fabricated.
Urinary 8-OHdG analysis using a nanocarbon film electrode
We evaluated the electrochemical determination of urinary 8-OHdG. The extracted urine samples were introduced into the HPLC-ECD system coupled with a conventional GC detector or our nanocarbon film electrode detector. In this experiment, we used the mobile phase of PB (pH 7.5)/MeOH (92/8, v/v), which is the optimized separation condition for observing a relatively clear 8-OHdG peak in a spiked urinary sample. Although we attempted to optimize the separation condition for observing 8-OHdG, it was difficult to obtain a clear chromatographic separation peak of 8-OHdG at the nanocarbon film electrode. This is probably because the conditions were unsatisfactory regarding the use of the mobile phase or pretreatment. Further investigation is required if we are to determine 8-OHdG more clearly. In this study, we added 8-OHdG at a given concentration to distinguish the 8-OHdG in the original urine samples. Figure 4a shows the results of urine samples with known 8-OHdG concentrations at the nanocarbon film electrode. 8-OHdG could be defined at a retention time of 17 min with the nanocarbon film electrode under the condition described above. We further investigated the ability to determine the 8-OHdG concentration in a urine sample by changing the added 8-OHdG. Figure 4b shows calibration curves of the urinary 8-OHdG obtained from Fig. 4a. From Fig. 4b , the concentration of this urinary sample was 2.84 nM at the nanocarbon film electrode. We also determined 8-OHdG in other urine samples, and compared them with a standard 8-OHdG sample. These urinary 8-OHdG concentrations were also obtained and estimated with an additional test, as shown in Fig. 4 . The values for three urine samples were 8.30, 21.3, and 14.9 nM. These samples were obtained from healthy individuals, and the ability to determine such a concentration range for urinary 8-OHdG quantitatively is highly advantageous. We are improving the quantitative performance to make it more sensitive, without the need to add standard 8-OHdG.
Our nanocarbon film electrode exhibited high stability before and after the urine measurements. Indeed, we estimated the C.V. values of the 8-OHdG response both before and after urine sample injection at both electrodes. The value at the nanocarbon film electrode was 0.7% (n = 6), which was superior to that of the GC electrode, which generally exhibits a relatively high C.V. value. 13 On the other hand, it is reported that the ELISA for 8-OHdG yields higher values than HPLC-ECD. [3] [4] [5] 20 This was probably because some kinds of substances in urine including both free 8-OHdG and 8-OHdG in oligonucleotides and sulfoconjugates, cross-reacted with the monoclonal antibody. To resolve this methodological problem, the European Standards Committee on Urinary (DNA) Lesion Analysis (ESCULA) is currently considering standardizing the 8-OHdG measurement obtained with different methodologies (HPLC-ECD, ELISA, LC-GC/MS, HPLC-MS/MS etc.) including procedures for the isolation and purification of the analyte in urine. 3, 4 The fact that our nanocarbon film electrode provided an accurate response, superior to that of HPLC-ECD with a GC electrode or the ELISA method, is very promising. Therefore, the excellent performance of our nanocarbon film electrode is highly advantageous as regards achieving the standardization described above once it is fully developed to achieve a much clearer determination of urinary 8-OHdG.
Conclusions
We successfully used a nanocarbon film electrode as a detector of HPLC-ECD, and detected oxidative damaged DNA, 8-OHdG. We were able to obtain excellent sensitivity and stability at our nanocarbon film electrode. Our nanocarbon film electrode showed excellent reproducibility during the urine experiments. Since a nanocarbon film electrode can detect various biomolecules, we will also be able to detect other important biomarkers with low concentrations or biomolecules that are easily adsorbed. 
